Abstract. Histone deacetylase inhibitors (HdAcis) are able to suppress breast cancer cells in vitro and in vivo by altering the expression of estrogen receptor (ER), progesterone receptor (PR) or human epidermal growth factor receptor 2 (Her2/neu). Since HdAcis can alter the expression of various microRNAs (miRNAs/miRs), the present study aimed to examine the role of miRNAs in the effects of HdAcis on breast cancer cells. We first examined the mRNA expression of ER, PR, and Her2/neu using RT-PcR and the protein levels of ER, PR, and Her2/neu using western blot analysis in MdA-MB-231 and BT474 cells, after trichostatin A (TSA) or vorinostat (SAHA) treatment. We then conducted miRNA expression profiling using microarrays after BT474 cells were treated with TSA or SAHA. Finally, we examined the effects of synthetic miR-762 and miR-642a-3p inhibitors on SAHA-induced downregulation of Her2/neu and SAHA-induced apoptosis and PARP cleavage in BT474 cells. The results indicated that TSA and SAHA dose-dependently enhanced the mRNA and protein expression levels of ER and PR in MdA-MB-231 and BT474 cells. In addition, the mRNA expression levels of Her2/neu were reduced in MdA-MB-231 cells, and the mRNA and protein expression levels of Her2/neu were reduced in BT474 cells in response to SAHA and TSA. Furthermore, treatment with TSA (0.2 µM) or SAHA (5.0 µM) induced a marked alteration in the expression of various miRNAs in BT474 cells. Notably, when cells were cotransfected with miR-762 and miR-642a-3p inhibitors, SAHA-induced downregulation of Her2/neu was inhibited, and SAHA-induced apoptosis and poly (AdP-ribose) polymerase cleavage were significantly reduced in BT474 cells. These results indicated that numerous HdAci-induced miRNAs are required to downregulate Her2/neu levels and promote apoptosis of Her2-overexpressing breast cancer cells.
Introduction
Breast cancers are often classified by stage, pathology, grade, and the expression of estrogen receptor (ER), progesterone receptor (PR) or human epidermal growth factor receptor 2 (Her2/neu). While hormone-based pharmacotherapies directly target these receptors (1-3), triple-negative breast cancer (TNBc) is more likely to recur earlier at distant sites, thus resulting in poor overall prognoses (4-7), due to the absence of these targets (4, 5, 7) . Notably, ~15% of breast cancer cases are diagnosed as TNBc (8) (9) (10) . However, successful therapies for the treatment of TNBc are currently unavailable. Therefore, novel therapeutic strategies are required for TNBc treatment.
Previous studies have reported that histone deacetylase inhibitors (HdAcis) may be considered a promising novel class of anticancer agents (11, 12) . HdAcis are able to induce numerous cellular epigenetic alterations, enhance acetylation of various proteins, including transcription factors, molecular chaperones and structural components (11, 13, 14) , and modulate the growth, differentiation and survival of cells (15) (16) (17) (18) . Notably, it has been revealed that HdAcis serve a critical role in modulating cell cycle arrest, apoptosis, angiogenesis, oncogene expression, and tumor cell invasion and metastasis (11, 12, 19, 20) . However, the exact mechanism underlying the anticancer effects of HdAcis remains unclear.
Previous studies have demonstrated that HdAcis suppress breast cancer cells in vitro and in vivo. The effects of HdAcis on breast cancer cells may be due to their ability to alter the expression of hormone receptors, including ER and PR. Specifically, previous studies have reported that HdAcis can increase ER and PR expression levels (21, 22) . In addition, HdAcis can induce apoptosis and autophagy of breast cancer cells exhibiting Her-2 overexpression and basal-like/TNBc, and may reduce Her-2 gene expression. While previous studies have indicated that microRNAs (miRNAs/miRs) serve an important role in the effects of HdAcis on Her-2 gene expression, the mechanisms underlying the effects of HdAcis on ER and PR expression remain unknown (23) (24) (25) . Therefore, the present study aimed ). An Nd-1000 spectrophotometer (Nanodrop Technologies; Thermo Fisher Scientific, Inc., Wilmington, DE, USA) with an Experion system (Bio-Rad Laboratories, Inc., Hercules, cA, USA) was used to quantify and confirm the quality of RNA samples. Extracted total RNA was labeled with Hy5 using the miRcURY LNA™ microRNA Hy5 Power Labeling kit (Exiqon, Inc., Woburn, MA, USA). Labeled RNAs were hybridized onto 3d-gene Human miRNA Oligo chips (v.14 1.0.1; Toray Industries, Inc., Tokyo, Japan). The annotation and oligonucleotide sequences of the probes were confirmed using the miRBase miRNA database release 14 (http:// www.mirbase.org/). After numerous washes with 3d-gene Human miRNA Oligo chips, fluorescent signals were scanned using the ScanArray Lite Scanner (Perkin-Elmer, Inc., Waltham, MA, USA) and were analyzed with genePix Pro 7 software (Molecular devices, LLc, Sunnyvale, cA, USA). Raw data were normalized by subtracting the mean intensity of the background signal (blank spots). Signal intensities >2 standard deviations of the background signal intensity were considered to be valid. The relative expression levels of a given miRNA were calculated by comparing the signal intensities of the averaged valid spots with their mean value throughout the microarray experiments. The data were normalized, and the significantly differentially expressed miRNAs were obtained by comparing cMcL with aMcL using an independent sample t-test (P<0.05). A heat map of expression data from the selected miRNAs was generated using MeV software (http://mev.tm4.org/).
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Reverse transcription-polymerase chain reaction (RT)-PCR
and RT-quantitative (q)PCR. Total RNA was extracted using a modified chloroform/phenol procedure (TRIzol ® ; Invitrogen; Thermo Fisher Scientific, Inc.). First-strand cDNA was generated using a High capacity cdNA Reverse Transcription kit (Applied Biosystems; Thermo Fisher Scientific, Inc.) according to the manufacturer's protocol. To quantify mRNA levels, RT-qPcR was performed using ABsolute Blue qPcR Master Mix (Thermo Fisher Scientific, Inc.) according to the manufacturer's protocol. The primers used were as follows: ERα forward, 5'-TgATgAAAggTgggATAcgA-3' and reverse, 5'-AAggTTggcAgcTcTcATgT-3'; PR forward, 5'-TcgAgTcATTAccTcAgAAgAT-3' and reverse, 5'-cccAcAggTAAggAcAccATA-3'; HER2 forward, 5'-AAcTgcAcccAcTccTgTgT-3' and reverse, 5'-TgATgAggATcccAAAgAcc-3'; β-actin forward, 5'-cTgTggcATccAcgAAAcTA-3' and reverse, 5'-cgcTcAggAggAgcAATg-3' . β-actin expression was used as an internal control for conventional RT-PcR and RT-qPcR. The thermocycling conditions were as follows: RT-PcR, 1 µg total RNA was reverse-transcribed using the geneAmp RNA PcR kit (Perkin-Elmer, Inc.). Subsequently, 2 µl of the resulting cdNA samples was used in each PcR. The routine PcR program was 30 cycles of 1 min at 94˚c, 1 min at 60˚c (annealing temperature), and 1 min at 72˚c; RT-qPCR, first-strand cDNA was generated using a High capacity cdNA Reverse Transcription kit (Applied Biosystems; Thermo Fisher Scientific, Inc.) according to the manufacturer's protocol. To quantify mRNA levels, RT-qPcR was performed using ABsolute Blue qPcR Master Mix (Thermo Fisher Scientific, Inc.) according to the manufacturer's protocol. All RT-qPcR reactions were conducted using a 7500 Fast Real-Time PcR system (Applied Biosystems; Thermo Fisher Scientific, Inc.) under the following conditions: 95˚c for 3 min, followed by 40 cycles of 15 sec at 95˚c and 30 sec at 55˚c. All RT-qPcR reactions were conducted using a 7500 Fast Real-Time PcR system (Applied Biosystems; Thermo Fisher Scientific, Inc.). For RT-PcR, after PcR, the products were resolved in 2% agarose gel with ethidium bromide. The images were captured under UV transillumination. For RT-qPcR, the mRNA expression level was quantified by determining the cycle threshold (c T ), which is the number of PcR cycles required for the fluorescence to exceed a value significantly higher than the background fluorescence.
Analysis of miRNA expression. Total RNA, including small RNA, was extracted and purified using the miRNeasy Mini kit (Qiagen, Inc., Valencia, cA, USA) according to the manufacturer's protocol. TaqMan MicroRNA RT kit (Applied Biosystems; Thermo Fisher Scientific, Inc.) was first used to generate cdNA using hairpin primers. The expression levels of specific miRNAs were measured by qPCR using TaqMan MicroRNA Assays, according to the manufacturer's protocol. RNU6B was used as an internal control to normalize all data using the TaqMan RNU6B assay (Applied Biosystems; Thermo Fisher Scientific, Inc.). RNU6B levels were unaffected by HdAcis treatment. The relative miRNA expression levels were calculated using the comparative cq method (ΔΔcq) (26) .
Transfection of cells with miRNA inhibitors. cell transfection with miRNA hairpin inhibitors or negative control inhibitors was conducted using HiPerFect Transfection Reagent (Qiagen, Inc.) according to the manufacturer's protocol. The miRIdIAN hairpin inhibitors of miR-762 or miR-642a-3p and the corresponding negative control (NC) were purchased from Thermo Scientific Dharmacon (Shanghai, china). BT474 cells were seeded into 96-well plates at a density of 2x10 5 cells/well and cultured at 37˚c for 24 h. A final concentration of 10 nM miR-762 or miR-642a-3p or NC was transfected into target cells using Hiperfect (Qiagen, Inc.) and Opti-MEM ® I reduced serum medium (Thermo Fisher Scientific, Inc.), according to the manufacturer's protocol.
Cell proliferation assay and quantification of apoptosis. cell viability was determined using the cellTiter 96 ® AQueous Non-Radioactive cell Proliferation Assay kit (Thermo Fisher Scientific, Inc.). Briefly, cells (2x10 5 cells/well) were plated into 96-well plates with complete medium for 24 h, and were cultured in control medium or medium containing a series of doses of HdAcis for a further 48 h at 37˚c. In addition, a specific apoptotic ELISA kit (cat. no. 11544675001; Roche diagnostics, Indianapolis, IN, USA) was used to quantitatively measure cytoplasmic histone-associated dNA fragments (mononucleosomes and oligonucleosomes) according to the manufacturer's protocol.
Western blot analysis. Protein expression levels were determined by western blot analysis. cells were lysed in RIPA buffer (50 mM Tris-Hcl, pH 7.4, 150 mM Nacl, 1% Triton X-100, 1% sodium dodecyl sulfate, 1% sodium deoxycholate, 1 mM EdTA) together with a complete (EdTA-free) protease inhibitor cocktail (Kodak, Rochester, NY, USA), 1 mM phenylmethylsulfonyl fluoride, and phosphatase inhibitors (5 mM sodium orthovanadate). Protein concentration was determined using Bradford Reagent (Bio-Rad Laboratories, Inc.). Equal amounts of total cell lysates were boiled in Laemmli SdS-sample buffer. Samples containing equal amounts of protein (50 µg) per lane were loaded and separated by SdS-PAgE in 10% gels and transferred to nitrocellulose membranes (Bio-Rad Laboratories, Inc.). The membranes were incubated for 1 h in 5% skimmed milk and probed overnight with specific primary antibodies (mouse monoclonal anti-β-actin (A5316; dilution 1:1,000; Sigma-Aldrich, Shanghai, china), rabbit monoclonal anti-ERα (ab108398; dilution 1:1,000), rabbit monoclonal anti-HER2/ ErbB2 (ab134182; dilution 1:1,000), and rabbit polyclonal anti-progesterone receptor (ab32085; dilution 1:1,000) (all from Abcam, Shanghai, china) at 4˚c. Subsequently, the blots were incubated with horseradish peroxidase-labeled secondary goat anti-rabbit antibody (Sigma-Aldrich). Finally, the signals were detected using enhanced chemiluminescence reagents (gE Healthcare Bio-Sciences, Pittsburgh, PA, USA).
Statistical analysis. All experiments were repeated at least two times. data are presented as means ± Sd. Statistical analyses of the experimental data were determined using one-way analysis of variance followed by Bonferroni correction, where appropriate. Statistical analysis was performed using SPSS version 11.0 statistic software package. P<0.05 was considered to indicate a statistically significant difference.
Results
Effects of HDACis on the mRNA expression levels of ER, PR
and Her2/neu in breast cancer cells. In order to examine the effects of HdAcis on the mRNA expression levels of ER, PR and Her2/neu in breast cancer cells, MdA-MB-231 and BT474 cells were treated with trichostatin A (TSA; 0.1 or 0.2 µM) or vorinostat (SAHA; 1.0 or 5.0 µM) for 48 h (Fig. 1) . conventional RT-PcR and RT-qPcR revealed that treatment with TSA or SAHA for 48 h dose-dependently enhanced the mRNA expression levels of ER and PR in MdA-MB-231 and BT474 cells (Fig. 1A, B, d and E) . Furthermore, treatment with TSA or SAHA for 48 h dose-dependently reduced the mRNA expression levels of Her2/neu in MdA-MB-231 and BT474 cells (Fig. 1C and F) . These findings suggested that TSA and SAHA may alter ER, PR and Her2/neu expression via a transcription-dependent mechanism.
TSA and SAHA enhance the protein expression levels of ER and PR, and reduce the protein expression levels of Her2/neu. The present study also investigated whether TSA or SAHA may alter ER, PR and Her2/neu expression at the protein level. TSA and SAHA increased the protein expression levels of ER and PR in MdA-MB-231 and BT474 cells (Fig. 2) . In addition, TSA and SAHA dose-dependently reduced the protein expression levels of Her2/neu in BT474 cells, which exhibit Her2/neu overexpression, but not in MdA-MB-231 cells, which is a TNBc cell line (Fig. 2) .
TSA and SAHA treatment alters miRNA expression levels in BT474 cells. It is well known that miRNAs generally regulate gene expression by targeting mRNAs for degradation or translational repression (27) (28) (29) . In addition, it has been reported that HdAc inhibition leads to rapid alteration of miRNA expression (30) . In the present study, the mRNA and protein expression levels of ER, PR and Her2/neu were markedly altered in Her2/neu-overexpressing BT474 cells upon TSA or SAHA treatment. Therefore, it may be hypothesized that TSA or SAHA induces the expression of specific miRNAs that target ER, PR and Her2/neu mRNA. In order to explore the putative miRNAs that may be involved in modulation of ER, PR and Her2/neu mRNA and protein expression in BT474 cells, miRNA expression profiling was conducted using microarrays, after BT474 cells were treated with TSA (0.2 µM) or SAHA (5.0 µM) for 48 h. A representative heat map was subsequently generated, as shown in Fig. 3 . In general, treatment with TSA (0.2 µM) and SAHA (5.0 µM) induced marked alterations in the expression levels of various miRNAs in BT474 cells. The specific miRNAs are listed in Tables I-III. SAHA downregulates Her2/neu expression and induces apoptosis of BT474 cells via miR-762 and miR-642a-3p. The present study aimed to determine whether the induction of specific miRNAs may have a causal role in downregulation of Her2/neu and apoptosis. Treatment with SAHA (5.0 µM) for 48 h reduced Her2/neu mRNA expression and markedly reduced the protein expression levels of Her2/neu in BT474 cells. In addition, SAHA increased the expression levels of miR-762 and miR-642a-3p. Therefore, it was hypothesized that miR-762 and miR-642a-3p may serve a critical role in the effects of SAHA on Her2/neu expression and apoptosis of BT474 cells.
Initially, the present study confirmed that treatment with SAHA (5.0 µM) for 48 h increased the expression levels of miR-762 and miR-642a-3p in BT474 cells, as determined using RT-qPCR (Fig. 4A) . Specific miRIDIAN hairpin inhibitors were then transfected into BT474 cells to inhibit miR-762 or miR-642a-3p expression, the cells were then treated with or without SAHA (5.0 µM). The results indicated that miR-762 and miR-642a-3p inhibitors significantly decreased SAHA-induced upregulation of miR-762 and miR-642a-3p, respectively (Fig. 4B) . Notably, neither of the single inhibitors altered SAHA-induced downregulation of Her2/neu in BT474 cells (Fig. 4c) . Furthermore, ELISA and western blot analyses were used to detect apoptosis; the results demonstrated that the single miRNA inhibitors did not alter SAHA-induced dNA fragmentation and poly (AdP-ribose) polymerase (PARP) cleavage, which are hallmarks of apoptosis (Fig. 4d) . These results suggested that inhibition of a single miRNA may be insufficient to attenuate the effects of SAHA on Her2/neu expression and cell apoptosis.
It has previously been suggested that numerous miRNAs work cooperatively to reduce the protein expression levels of Her2/neu (25) ; therefore, the present study cotransfected BT474 cells with the two miRNA inhibitors. Similarly, cotransfection with the two specific inhibitors markedly reduced expression of their corresponding miRNAs in BT474 cells (data not shown). In addition, cotransfection with miR-762 and miR-642a-3p inhibitors markedly inhibited SAHA-induced downregulation of Her2/neu in BT474 cells (Fig. 5A) . Similarly, simultaneous inhibition of the two miRNAs reduced SAHA-induced apoptosis and PARP cleavage (Fig. 5B ) in BT474 cells. These results indicated that numerous SAHA-induced miRNAs may be necessary to downregulate Her2/neu expression and promote apoptosis of Her2-overexpressing breast cancer cells.
Discussion
The present study demonstrated that TSA and SAHA dose-dependently enhanced the mRNA expression levels of ER and PR, and reduced Her2/neu mRNA expression in MdA-MB-231 and BT474 cells. Western blot analysis also confirmed that TSA and SAHA increased the protein expres- sion levels of ER and PR in MdA-MB-231 and BT474 cells. In addition, TSA and SAHA dose-dependently reduced the protein expression levels of Her2/neu in the Her2/neu-overexpressing cell line, BT474, but not in the TNBc cell line, MdA-MB-231. It has previously been reported that HdAc inhibition leads to marked alterations in miRNA expression (30) . Therefore, the present study explored the putative miRNAs that may be involved in the modulation of ER, PR and Her2/neu mRNA and protein expression in BT474 cells. Briefly, miRNA expression profiling was conducted using microarrays after BT474 cells were treated with TSA (0.2 µM) or SAHA (5.0 µM) for 48 h. The results indicated that TSA (0.2 µM) and SAHA (5.0 µM) induced a marked alteration in the expression levels of various miRNAs in BT474 cells. Subsequently, the present study aimed to determine whether induction of these miRNAs serves a causal role in the downregulation of Her2/neu and apoptosis. Focusing on miR-762 and miR-642a-3p, the present study confirmed that SAHA (5.0 µM) treatment for 48 h increased miR-762 and miR-642a-3p expression in BT474 cells. Notably, compared with delivery of miR-762 and miR-642a-3p inhibitors alone, cotransfection with the inhibitors markedly inhibited SAHA-induced downregulation of Her2/neu, and significantly reduced SAHA-induced apoptosis and PARP cleavage in BT474 cells. These results indicated that numerous SAHA-induced miRNAs are required to downregulate Her2/neu and promote apoptosis of Her2-overexpressing breast cancer cells. Notably, whereas the mRNA expression levels of Her2 were decreased in both MdA-MB-231 and BT474 cells following TSA or SAHA treatment, the protein expression levels of Her2 were not altered in MdA-MB-231 cells. Numerous processes exist between transcription and translation, which may contribute to this discrepancy. In addition, the correlation between mRNA and protein expression can be as little as 40%, depending on the type of cells and tissues (31, 32) . There are various regulatory processes that occur following mRNA production, including post-transcriptional and translational regulation, and protein degradation, which may have a critical role in controlling steady-state protein levels (31) . In addition, the half-life of various proteins can vary from minutes to days, whereas the degradation rate of mRNA falls within a much tighter range. Furthermore, the mRNA transcription rate is usually lower compared with protein translation in mammalian cells. Therefore, reduced mRNA levels may not alter protein levels, since slower degradation and/or a higher translation rate may overcome the lower levels of mRNA. Finally, the MdA-MB-231 cell line is a Her2-negative cell line; therefore, the basal levels of Her2 protein are much lower. The negative effects of HdAcis on Her2 protein expression may also be due to the basement effects.
A previous study has revealed the functional cooperation of miR-125a, miR-125b and miR-205 in entinostat-induced Her2/neu downregulation and apoptosis of breast cancer cells (25) . The present study suggested that miR-762 and miR-642a-3p may have a critical role in the modulation of Her2/neu expression in Her2-overexpressing breast cancer cells. A previous study also demonstrated that SAHA can reduce the mRNA expression levels of Her2/neu (25) . Consistent with these findings, in the present study, SAHA and TSA reduced the mRNA expression levels of Her2/neu in MdA-MB-231 and BT474 cells. compared with the effects of entinostat on miRNA expression, the present microarray results indicated that TSA and SAHA did not alter the expression levels of miR-125a, miR-15b or miR-205 in BT474 cells. Therefore, these results suggested that specific HDACis may induce a unique profile of miRNAs, and certain HDACis may regulate Her2/neu expression via different miRNAs.
It has previously been demonstrated that miRNA clusters may function cooperatively to regulate specific signaling pathways (33) . Furthermore, it has been confirmed that numerous miRNAs can target the same gene (25, 34) . To the best of our knowledge, the present study is the first to demonstrate that miR-762 and miR-642a-3p act cooperatively to regulate the expression of Her2/neu in breast cancer cells. compared with simultaneous inhibition of the two miRNAs, inactivation of one single miRNA was unable to inhibit SAHA-induced downregulation of Her2/neu. However, cotransfection with the two miRNA inhibitors did not exhibit full efficacy, thus suggesting that additional miRNAs may be involved in regulating SAHA-induced downregulation of Her2/neu. Future studies are requited to further elucidate the mechanisms.
The Her family consists of at least four members, including EgFR (Her1, erbB1), Her2 (erbB2, Her2/neu), Her3 (erbB3) and Her4 (erbB4) (35) . These family members are often aberrantly activated in various types of cancer, particularly in breast cancer, and are excellent targets for selective anticancer therapies. In clinical treatment, erbB-targeted therapies usually consist of antibodies, including trastuzumab, which target erbB2, and tyrosine kinase inhibitors, such as lapatinib, which target EgFR and erbB2. In addition, erbB3-targeted therapies are currently being evaluated in preclinical studies (36, 37) , and numerous anti-erbB3 antibodies may be considered promising therapies for cancer treatment (38) . Notably, erbB2 and erbB3 functionally interact with each other. For example, it has been reported that erbB3 is required for erbB2 to promote breast cancer cell proliferation (39, 40) . Furthermore, erbB3 is critically involved in erbB2-mediated tamoxifen and paclitaxel resistance (41, 42) . Therefore, future studies may aim to examine the effects of TSA and SAHA, as well as other HdAcis, on erbB3, since simultaneously targeting erbB2 and erbB3 may have a broader impact on the treatment of breast cancer.
The molecular mechanisms by which SAHA and TSA induce expression of various miRNAs in breast cancer cells remain unclear. Numerous studies have indicated that epigenetic alterations, including dNA methylation and histone modifications, are likely the major mechanisms underlying miRNA expression regulation. Both acetylated-histone H3 and methylated-histone H3 are associated with open chromatin structure and active gene, including miRNA, expression (43, 44) . Previous studies have demonstrated that TSA and SAHA treatment may increase acetylation of histone H3 and induce candidate miRNA expression (45, 46) . It has also been reported that entinostat enhances acetylated-histone H3 and reduces HdAc1 (47) . In addition, HdAcis induce degradation of dNA methyltransferase 1, which is an enzyme responsible for maintaining dNA methylation patterns in eukaryotic cells and breast cancer cells (44, 48) . Therefore, it is possible that both increased acetylated-histone H3and reduced promoter methylation contribute to TSA and SAHA-induced upregulation of miRNAs in breast cancer cells.
In conclusion, the present study demonstrated that TSA and SAHA dose-dependently enhanced the mRNA and protein expression levels of ER and PR in MdA-MB-231 and BT474 cells, reduced Her2/neu mRNA expression in MdA-MB-231 cells, and reduced Her2/neu mRNA and protein expression in BT474 cells. Furthermore, TSA and SAHA treatment induced a marked alteration in the expression levels of various miRNAs in BT474 cells. Notably, when miR-762 and miR-642a-3p inhibitors were delivered together, combined inhibition markedly suppressed SAHA-induced downregulation of Her2/neu, and significantly reduced SAHA-induced apoptosis and PARP cleavage in BT474 cells. These results indicated that numerous HdAci-induced miRNAs are required to downregulate Her2/neu and promote apoptosis of Her2-overexpressing breast cancer cells. These findings may help further understanding regarding the roles of miRNA networks in cancer biology.
